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ABSTRACT 
We describe a gas-driven shock tube and associated equipment 
t o  be used f o r  rad ia t ive  t r ans fe r  expe rben t s  i n  the  I n s t i t u t e  f o r  Fluid 
Dynamics and Applied Mathematics, University of Maryland, This report  
covers the design and construction of the  tube and i t s  i n i t a l  operation 
t o  check out  the  hydrodynamic behavior, 
p roper t ies ,  
Various devices measure the  flow 
We achieve temperatures up t o  l5,OOO’%, for periods up t o  
300 microseconds, in t he  s ta t ionary  gas behind the r e f l ec t ed  shock wave. 
These conditions allow meaningful reduction of emission spec t ra  t o  
absolute l i n e  s t rengths  for many elements of as t rophysical  i n t e r e s t ,  
Other r ad ia t ive  t r a n s f e r  problems will a l s o  be studied. We discuss pre- 
l iminary spectroscopic work and the instruments now being b u i l t  f o r  time- 
resolved spectroscopy. 
I . INTRODUCTION 
We have b u i l t  a new spectroscopic ahock tube and operated it 
successful ly  over t he  ranges of temperature snd densi ty  required f o r  
spec t r a l  measurements, 
s t rengths ,  t o  compare emission and absorption coef f ic ien ts ,  and t o  
Our aims are t o  determine atomic o s c i l l a t o r  
co r re l a t e  the  hydrodynamics and emissivity of t h e  shock-heated gases, 
Some aspects of these problems are  discurrsed i n  Section 11. 
end I V ,  respect ively,  are devoted t o  the  construction and design of the  
shock tube and i t s  a w i l l i a r y  system f o r  f i l l i n g  and evacuation. 
deals with the  instruments f o r  observing the high speed gas flows; some of 
Sections I11 
Section V 
these are now operating and o thers  are under development. 
data on shock tube operation are given i n  Section V I .  
both the immediate problems and the work projected f o r  the near fu ture ,  
A t  t h i s  time, t he  prospects appear qu i te  good f o r  co l lec t ing  data of use 
i n  astrophysics,  This research i e  conducted both by facul ty  members and 
graduate s tudents  working toward advanced degFees, 
Preliminary 
Section V I 1  covers 
11. SCIENTIFIC BACKGROUND AND OBJECTIVES 
The moat d i f f i c u l t  problem i n  rad ia t ion  experiments has been 
T , t o  c r e a t e  spectroscopic sources of known compooition, temperature 
emitter and e lec t ron  dens i t ies ,  n and ne , which are su f f i c i en t ly  homo- 
geneous end stable during the measurement period t h a t  the s t a t e  var iables  
are both w e l l  defined and measurrrble. 
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Our first  object ive is t o  produce ruch a w e l l  ca l ibra ted  
spectroscopic sourceo Shock tubes are convenient for producing gas 
samples a t  temperatures high enough f o r  a t o m  and ion6 t o  be excited,  
In  a conventional shock tube,  t he  gas sample formed behind the  r e f l ec t ed  
shock wave i s  homogeneous over a l a rge  volume and persists i n  a steady 
s t a t e  f o r  a su f f i c i en t  period t o  allow d i r e c t  measurement of t he  state 
var iab les ,  We plan t o  measure each var iab le  by several methods. Temp- 
erature w i l l  follow from r e l a t i v e  and absolute l i n e  i n t e n s i t i e s ,  and by 
t&e r eve r sa l  method employing a ca l ibra ted ,  high in t ens i ty ,  f lash lamp, 
Densit ies w i l l  be determined by spectroacopy and o p t i c a l  interferometry,  
Composition is control led by the p a r t i a l  pressures of gases admitted i n t o  
the tube. 
,.. 
In pr inc ip le ,  the Rankine-Huganiot equation8 predic t  gas temp- 
erature and density behind the r e f l ec t ed  shock from the  compositions 
and pressurea of t h e  dr iving gas and test  gas, 
i dea l  gas equations, however, neglect real-gas e f f e c t s  and boundary 
l aye r  in te rac t ions .  Useful temperature and densi ty  predict ions may 
s t i l l  be extracted i f  t h e  equations are f i t t e d  t o  t h e  ( l o c a l l y )  observed 
incident  and r e f l ec t ed  shock speeds (U 
u and the pressures, p1 and p2 behind t h e  incident  and r e f l ec t ed  
shock, respectively.  
Theme one dimensional, 
and V), t h e  i n i t i a l  flow veloci ty  
1 
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With the aource variable8 T , n and no known, (and given 
t h a t  cri teria f o r  l o c a l  thermal equilibrium are fu l f i l l ed )  , abrolute 
rpoc t ra l  i n t e n s i t y  meaourementr will yield atomic o r c i l l a t o r  strength6 
with precis ions in tho  range 10% - 20%. 
re laxa t ion  rates and r ad ia t ive  t r ans fe r  likewire roquire  a well-known 
gas a8 the  rpectroicopic aource, and ve exp.ct t o  vork on there a t  t h e  
appropriate time. 
Other rtudica bearing on atomic 
111. CONSTRUCTIW OI TtIE SHOCK TUBE 
A. Factor6 Detrrminina Shock Tube Deriga. 
1. Choice of a Rectangular Croar4ect ion.  
A rectangular c ro r~ - sec t ion  r impl f f ie r  aaa ly r i r  of data gathered 
o p t i c a l l y  from the shock tube. Spcctrocopic information i r  gathered from 
everywhere within a l r a p a l l  rolld angle t raver r ing  t h e  t u b  perpendicularly 
t o  the tube sxir. The boundary layer  form8 rheeth near the walls which 
i r  in a di f fe ront  rtate than t h e  bulk of qsr h i n g  vieved. 
form plane boundary layorr, providing a f u  rimpler geoocrtry f o r  a n d y o i s  
of source rad ia t ion  than porrible with a tube of  round cro8r-mectiono If 
l i g h t  i e  gathered from two paths o f  unequal length at  the  lame point along 
the tube a x i s ,  one can I R b d S S  t h e  boundary layer contr ibut ions t o  the 
aniseion and absorption spectra .  
Plane walls 
c 
2. Factors Determining Shock Tube Reinforcemoat and Sise,  
The ins ide  tube dimensions were choren t o  minimize shock 
at tenuat ion due t o  boundary l aye r  losser .  
d r iver  emd t e a t  gases, t h e  Mach number achle-d i n  ideal, one-dimensional 
flow depends only upon the  ra t io  of driver gar i n i t i a l  pressure 
tes t  gas i n i t i a l  prersure  
cross-section, however, buf fer  a t tenuat ion dw t o  boundary laver growth, 
For a given combination of 
po t o  
p4 . Shocks propseated in t u b s  of f i n i t e  
This attenuation increases  with l a rge r  surface-to-volume ratio 
i s  best t o  have t h e  l a r g e s t  cross-section possible  within the l i m i t s  s e t  
by s t r u c t u r a l  s t rength  and t h e  operating cost-per-rhot, The present tube 
has the  inr ide  dimensions of 3,64" i n  the  v e r t i c i l  d i rec t ion  and 2.64" in 
t h e  horizontal  direct ion.  
so it 
3. Desirability of HiRh Workine Pressureo 
The present tube was deaigned t o  w i t h r t w d  m a x i m u m  del ivery 
pressure from commercial gas cylinder,  1800 - 2200 poi. Since t e s t  gas 
i n i t i a l  pressure cannot be lowered without shortening the  l i f e  of the  
steady state region behind the  r e f l ec t ed  wave, the  l i m i t  of  Mach number 
achieved i o  r e t  by t h e  capabi l i ty  of the  driver rec t ion  t o  withstand high 
pressure. 
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+ e  Other Design Considerations. 
Design de ta i l s  of t h e  shock tube,  not all of which w i l l  be 
discussed, were d i c t a t ed  by the  following: 
a. 
bo 
Need f o r  ~ ~ l f o r m ' c r o s s - e e c t f o n  i n  t h e  flow channel, 
Need f o r  highest vacuum obtainable with t h e  construc- 
t i o n  materials and pumping systems ava$lable, 
c o  F l e x i b i l i t y  of design t o  allow fu ture  a l t e r a t i o n s  of 
the system, 
Des i r ab i l i t y  of running many experiments per day. do  
Bo Description of t h e  Shock Tube. 
1. Overall Dimensions, 
The shock tube (unreinforced) hae outside dimensions of 3" x 4IJ0 
Ins ide  corner rad i i  are O o O I O s ' c  The Ins ide  dimensions a re  3.64" x 2.64", 
dr ive r  sec t ion  has an ins ide  length of 48'10 
sion sec t ion  i e  l5O", compri8m of a 10" breech eectfon, 2 interchangeable 
sectionbof 58" each, connected i n  tandem, and a t e s t  sec t ion  of length 241t0 
Figure 1 viewsthe tube diagonally from test  sect ion t o  dr iver  sect ion,  
The t o t a l  l ength  of t h e  expa~2- 
2, Material Used. 
The unreinforced tube,  except f o r  t h e  breech sect ion,  is mild  
s t e e l  rectangular tube, res is tance welded with ins ide  f lash  removed, 
Wall thickness is 0,180". 
a Brueh Surface Tester), is 125 micro-inches, 
t o  retard oxidation, 
breech sect ion i s  machined from a 9" x 9" x 10" 
Reinforcing materials are described below,, 
Mean i n s ide  rurface roughness (measured with 
The tuba f r  cadmium-plated 
Flanges are cut  fran 1" m i l d  r teel  p l a t e  and the 
m i l d  steel b i l l e t ,  
HydrostatTrr t e e t i n g  of the 0,180's wall thickuesa tube,  the  
heaviest  avai lable  with a 3" x 4" cross-section, showed unacceptably 
la rge  deformation at  modest pressures and tube rupture near t h e  desired 
maximum working nressure. 
in i t s  effort toassume an e l l i p t i c a l  cross-rectiono 
a t ion  of the  line joining t h e  midpoints of t h e  4" side6 was 0.4% at 200 p s i ,  
1% a t  400 p s i ,  and 4.5% a t  600 ps i ,  
i n  tube rupture at 2,800 ps i .  
a t ion  t o  acceptable l eve l s  and showed no evidence of e l a s t i c  hys te res i s ,  
I n t e r n a l  pressure causes the  tube t o  ewe11 
The percent elong- 
Cold-working at t h e  corners resu l ted  
The re inforc ing  described below cut  deform- 
Measured percent elongation f o r  the reinforced expansion sect ions are:  
0,13% a t  200 ps i ,  0.26% at  400 p s i  and 0.39% at 600 p s i ,  InBta l la t ion  
of instrument p a r t s  has proved r e l a t i v e l y  simple with t h e  reinforcing ueed, 
. 
d' 
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b. Reinforcing of Driver Section. 
I n  making t h e  dr iver  section, a thick-walled outer  pipe gives 
support t o  t he  thin-walled inner tube. The 3" x 4" tube w a s  i n se r t ed  eo- 
a x i a l l y  within a m i l d  s t e e l ,  c i r cu la r  cylinder of 5-1/2" I.D. and 1/2" 
w a l l  th ickness ,  The space between the tubes w a s  f i l l e d  with a high 
d e m i t y ,  s m a l l  aggregrate concrete, capable of 2700 p s i  compression 
loading, prepared by t h e  Sand and Gravel I n s t i t u t e ,  University of Maryland. 
Figure 2-a i s  a schematic cross  sect ion of t h e  reinforced dr iver ,  This 
heavy driver sec t ion  i s  mounted on r o l l e r  bearings t o  provide easy access 
t o  t h e  diaphragm breech. 
C. Reinforcing Expansion Sections. 
The expansion sec t ions  differ  i n  reinforcement from t h e  d r ive r ,  
s ince  expansion secthrl?sneed withstand only 1 / 4  t h e  dr iver  pressure, and 
t h e  f i t t i n g  o f  diagnostic por t s  and windows through t h e  concrete would 
pose a d i f f i c u l t  problem, The 3" x 4" tube i s  sandwiched between mild 
s teel  bar  stock. 
re ta ined  i n  square clamps encircl ing t h e  tube. 
i n  Figures 2b and 3. 
1/2" x 3" and t h a t  used l a t e r a l l y  is 1' x 3". 
o r  windows, appropriate s ize  holes a re  cu t  through t h e  reinforcing bars  
and t h e  face  of t h e  tube a t  t h e  s i te  of the  por t  (window) is faced f l a t  
The bar  stock i s  forced aga ins t  t he  tube by heavy bol t s  
The arrangement is shown 
The bar  stock used on t h e  top  and bottom faces  is 
To mount diagnost ic  por t s  
with an end m i l l ,  
seal against  t h e  prepared face,  
in place by hold-down r ings  anchored in t h e  refnforcing bar, 
shows a diagnostic port  s i te ,  
O-rings car r ied  i n  t h e  ehoulder of  the  port (window) 
Windows and diagnost ic  po r t s  are held 
Figure 3 
4, Breech Section 
The breech sec t ion  holds the diaphragm and a l s o  serves as 
the junct ion between the  shock tube and vacuum system, It is machined 
from 8 m i l d  steel b i l l e t  and has in s ide  dimensions mi l led  t o  match the 
adjoining expansion sect ion,  
the  d r ive r ,  has three concentric ridges of height 0,005'' which b i t e  i n t o  the  
perfmeter o f t h e  diaphragm and prevent creep under pressureo 
of diaphragms is facil i tated by breech-locking nuts  which requi re  only 
slackening for  removal, and by tapered pins  which a id  i n  fast driver-to- 
The diaphragm re t a in ing  port ion,  facing 
The inse r t ion  
breech alignment. These are shown i n  Figure 4. 
5, The Test Section 
"he present t es t  sec t ion  is similar i n  construction t o  t h e ,  
o ther  two expansion sec t ions  except f o r  i t s  shor t e r  length  and t h e  
f i t t i n g  of the l a t e r a l  windows, 
elongated plug which advances t h e  r e f l e c t i n g  plane of t he  shock tube in to  
the  f ie ld  of view of t h e  lateral  windows, 
The tes t  sec t ion  is terminated wi th  an 
This plug is welded t o  the  
. 
JI 
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terminating f lange and protrudes 4" upstream from it, mating w i t h  t he  
ins ide  of t h e  tube t o  within 0,003". 
t e a t  sect ion,  showing a window, 
Figure 7 is a s ide  view of the 
IV, GAS DELIVERY AND EVACUATION EQUIPMENT 
The source of high pressure gasc usua l ly  hydrogen, is eommerciai 
tanks with delivery pressure i n  the  range of 1800-2200 p s i ,  
i n t o  t h e  tube by a h igh  pressure f l ex ib l e  hose passing through the  dr iver  
s ec t fongs  end-flange. Flow rate i s  regulated by a needle  valveo A secsnd 
f l e x i b l e  hose passing through the  end-flange connects w i t h  an 18", 0-2000 
p s i ,  Heise bourdon gauge, 
tube cons t i t u t e s  t h e  gaugePs shock protect ion,  A shut-off" valve isolates  
the cap i l l a ry  and gauge from the tube during evacuation, A piston v a l i t ,  
a l s o  mounted on the end flange, gives a pos i t ive  shut-off f o r  t h e  
pressurized d r ive r ,  while  affording a reasonable conductance for  dr iver  
evacuation 
Gas is fed 
Six f ee t  of 0,020" I,D, s ta in less '  s t e e l  capillary 
A high pressure exhaust l i n e ,  f i t t e d  with a quick opening 
toggle valve, vents  t he  hydrogen outside of t he  building after each shot,  
Hydrogen remaining i n  t h e  tube at ambient pressure i s  then  exhausted through 
a mechanical vacuum pump f i t t e d  wi th  an outdoor vent, 
Bo The Vacuum System 
, 
A 4" PMC 720 d i f fus ion  pumpD operating w i t h  Monsanto OS-124 
o i l ,  evacuates the tube i n  t h e  molecular region, 
assisted by a BC-40 Chevron Baffle cooled t o  - 1 3 O C  by a 1 / 4  HP freon- 
f i l l e d  compressor. A 1 5  cubic foot/min. Duo-Seal pump a l t e rna te ly  roughs- 
down t h e  system and backs t h e  d i f h s i o n  pump. 
s ieve i n  the fore-line prevents back-flow from t h e  mechanical pump. 
"he diffusion pump is 
A 2-1/2" Kane molecular 
2. Vacuum Path and Valves 
A 6" diameter manifold connects the  vacuum system with the shock 
tube. 
passing through a 4" CVC ga te  valve. 
f langes,  
except f o r  a P i r a n i  gauge mounted i n  the fo re  pump l i n e ,  
can be i so la ted  from the manifold by a 1" Coddard eoft-seat valve. 
f lange,  also f i t t e d  with a 1" Coddard valve,  connects with a second sub- 
manifold where gases are mixed and metered before enter ing  the  tube, 
remaining flanges are t h e  s t a t i o n s  f o r  dry-nitrogen backf i l l i ng  and 
mass-spectrometer leak  detect ing.  
n a l l y  vented breech holding a diaphragm, set t o  blow out should the  
The lower end of t h e  manifold jo ins  with t h e  Chevron ba f f l e  a f t e r  
The manifold has four O-ringed 
One of these en te r s  a submanifold containing a l l  vacuum gauges, 
"hie  submanifold 
Another 
The 
"he manifold contains a emall, exter-  
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vacuum system acc identa l ly  be pressurized t o  more 60 p s i ,  The 
manifoldOs upper end connects t o  the shock tube breech through an Arrowflow 
pis ton  closing valve with bellows-sealed stem. 
vacuum system and o ther  accessory equipment. 
Figures 5 and 6 show t h e  
3. Vacuum Gauges 
Measurement of carrier-gas pressuress  rout ine ly  i n  the  range 
of 5 t o  30 mm/Hg,is made with 0-20 m/Hg and 0-100 m/Hg Wallace and 
Tiernan diaphragm gauges. 
(lom4 mm/Hg-10 
and t h e  p a r t i a l  pressures of t e s t  gases added t o  t h e  c a r r i e r  gas, 
ca l ib ra t ion  of gauges i s  provided by an o i l  manometer and l i q u i d  nitrogen- 
trapped CVC McLeod gauge with useful range of 1 x lom5 mm/Hg-10 mm/Hgo 
A four  channel, LKB Piran i  gauge and a CVC 
mm/Hg) ion iza t ion  gauge measure vacuum base pressure -8 
Periodic 
C, Car r ie r  Gases and Spectroscopic Additive Gases 
Gases f o r  shock tube heating w i l l  almost always consis t  of a 
rare gas ( t h e  c a r r i e r )  plus  a small percentage of gas of spectroscopic 
i n t e r e s t  ( t h e  addi t ive) .  A typ ica l  mixture might be 1 0  mm/Hg of Argon 
and 0.04 m/Hg of Methane, 
Research Grade c a r r i e r  gases a re  drawn from tanks supplied by 
Gas for immediate use en ters  t he  mixing submanifold through 
For 
Matheson. 
Nupro Fine Metering valves, and from there  en te r s  t h e  shock tube, 
8 
storing pre-mixed gases, we use two-liter, high pressure flask8 which 
are chromfnum-plated steel with O-ringed flanges that can be removed 
for internal cleaning, 
stainless steel tube connecting with main manifold and sealed with a 
1" Goddard soft-seat. valve, 
Preliminary evacuation of flasks is through 1" 
Spectroscopic additives that are gases at S W  may be obtslmd 
commercially and are handled the same way as the carrier gases, 
scopic additives occurring as liquids or solids at S W  are introduced h n t ~  
the shock tube by utilizing their vapor pressureso 
the gas phase is provided by vapor pressure data or pressure measurement, 
Time is alloted to establish phase equilibrium of the sample fn a flask 
maintained a few degrees below room temperature by a thermostatir ? * l t h o  
On being admitted to the shock tube, the vapor will assume the tube's 
higher temperature and will not condense on the walls. 
Spectro- 
Known aDunaancre In 
V, SHOCK WAVE INSTRUMENTATION 
A. Location of Observation Stations 
Figure 6 shows the location of existing and proposed diagnostic 
ports and windows, 
and photo-cell windows will fit any of the diagnostic ports of" the dorsal 
surface of the shock tube, 
Fi lm strip resistor plugs, pressure tranedueer plugs 
In its present version, the t e s c  se2tion has 
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provision for o p t i c a l  interferometry along a s ingle  v e r t i c a l  path 2-1/2 cm, 
upstream from the tubeg6 r e f l ec t ing  plane, 
and t h e  calibrated continuum f l a s h  lamp are sll mobile and may be s i tua t ed  
t o  take best advantage of windows (two viewing l a t e r a l l y ,  and one axiallyally). 
D r u m  cameras, spectrographs 
Bo Film S t r i p  Res i r tors  
1, Description and Construction 
Film s t r i p  r e s i s t o r s  r e g i s t e r  thermal s igna ls  by r e r i s t f v e  changes 
induced i n  a metal film of low spec i f ic  heat,  
w i th  r e s i s t ance  i n  the  range of 200-700 ohms, is painted on the  plane 
face of a cy l ind r i ca l  g l a s s  plug, 
so t h e  film s t r i p  f i t s  f lu sh  with t h e  ins ide  tube faceo  
is or ien ted  w i t h  i t s  long dimension perpendicular t o  t h e  tube axis, parseage 
of a shock wave produces a detectable res i s tance  change fn  less than b 
A platinum f i lm 1 x 5 mmo, 
This  plug passes through the  tube w a l l  
When the f i l m  
microsecond, 
drawing about 1 0  ma. 
The f i l m  s t r i p  is i n  series w i t h  a ba t te ry  powered c i r c u i t  
Resistance changes r e g i s t e r  all voltage changes, 
2. Uses -
We employ film s t r i p  r e s i s t o r s ,  because of t h e i r  s impl ic i ty  
and fast rise-times, t o  measure average shock speeds, and shock at tenuat ion 
over known distances ,  and t o  ac t iva te  t r i gge r ing  c i r c u i t s  f o r  the ca l ibra ted  
flash lamp, Time-of-flight measurements can be obtained with one percent 
precis ion from t h e  f i l m  s t r i p s  by using a multichannel t i m e  delay, 
f i lm-s t r ip  s i g n a l s  may be displayed on a s ingle  CRO t r ace ,  by means of preset 
delays of each according t o  i t s  locat ion,  
through a 3 stage amplifier t o  raise it t o  t h e  t r igger ing  l e v e l  of t he  
0-1000 micro-second, three-channel t i m e  delay unit, 
the  CRO t r a c e  is simpli'fied by placing a f l ip - f lop  lockout c i r c u i t  af ter  
the f i n a l  stage of  each amplifier,  The output voltage of t h e  time delay 
u n i t  is su f f i c i en t  t o  t r i g g e r  t he  thyratron which i n i t i a t e s  the Canti-rium 
flash-lamp discharge. 
Several 
Each film s t r i p  s igna l  i s  sent 
Vieual analyeis of 
C, Pressure Transducers 
1. Construct i on and Des c r  f g t  ion 
The pressure transducers are Kistler 601 quartz p iezoe lec t r ic  
c rys t a l s  with s e n s i t i v i t y  of 0.5 pico-coulombs per p s i ,  
are mountedin a 1 kg brass plug f i t t e d  with Teflon washers and Viton 
O-rings f o r  vacuum and pressure sealing. 
mechanical i so la t ion ,  e l a s t i c  waves i n  the shock tube walls w i l l  exc:it,e 
the  charac te r ie t ic  ringing frequency o f  the  c rys t a l ,  
are fed  with low capacitance cable i n t o  Kistler 501 charge amplif iers  
These fmpedance-matching units provide t i m e  response of less t h a t  1 micro- 
second. 
oscil loscope. 
The transducers 
Unless t h e  transducer has good 
Transducer outputs 
Amplifier outputs a re  recorded on a Tektronix 555 dual-beam 
Pressure transducers are employed t o  measure pressures behind 
t h e  incident  and r e f l ec t ed  shocke 
c i r c u i t r y )  have a tfme response of  one micro-second and the  t f m e  avai l -  
able for measurement i n  these shock regions is of order 100.==300 micro- 
seconds, 
tube w a l l s ,  pressures can be measured t o  4-5%, 
The transducers (and associated 
With plaper ca l ib ra t ion ,  and good mechanical i so l a t ion  from the 
D, Wave Speed Photography 
1, The RotatinR Drum Camera 
Rotating drum cameras provide a time-reaolved record of' events 
by rap id ly  sweeping f i lm across  the  foca l  plane, 
is machined from an aluminum b i l le t ,  has a 4 , l "  ins ide  diemeter and uses 
120 size film, 
on a Dumore q u i l l ,  
magnetic pickup counts drum revolutions from a magnetic pin inser ted  i n  
t he  dr ive  shaft, 
The drum camera eylinder 
A Dunore 1 /2  HP motor dr ives  t h e  drum, which is mounted 
Typical linear fi lm speed is 0,12 mn/micro-see, A 
The present lens  is f /6 ,3  end has 606" foca l  length, 
2. Windows end S l i t s  
Two plexig lass  windows, 1-1/4" t h i ck  and 4" long, are mounted 
on opposite sides of t he  t es t  section, Their f i e l d  of view includes 
t h e  tube% ref lec t ing  plane and 4" of the  tube upstream from it, 
windows a r e  O-ring sealed and have ins ide  faces f i t t i n g  f lush  with the 
ins ide  tube walls t o  00005"0 The or ien ta t ion  of the  drum camera op t i ca l  
axis with respect t o  the  tube axis f a  determined by the  revers ib le  l i g h t  
path method, 
adgustment for closing and opening, 
The 
S l i t s  run the  length of t he  window and have miemmetar 
Analysis of drum camera photographs gives l o c a l  incident and 
r e f l ec t ed  shock ve loc i t i e s ,  and the  duration in steady Btate of the  region 
behind the  re f lec ted  shock, t o  b e t t e r  then 15, 
primary (and re f lec ted)  ehocks may be determined t o  1-4% from drum camera 
photographsa 
process of shock re f lec t ion ,  
must of ten be added t o  the  c a r r i e r  gas, i n  order t o  make the  shoeka aelf-  
luminouso 
addi t iqn of  20-40 microne Hg of methane, 
Flow ve loc i t i e s  behind 
Figure 9 is  a typ ica l  wave speed photograph showing the  
Methane (or  some o ther  l i g h t  hydrocarbon] 
Shocks i n  argon with incident Mach numborr 605-909 required 
E, Spectrographs 
1. Description 
The spectrograph in current ure w i t h  the shock tube wa8 constructed 
f o r  temporary service i n  obtaining time-fntegrated survey spctrso  It has 
. 
a speed of f/22 end a dispersion of 55 8/mm. 
We will soon have in operation a Jarrell-Ash model 75,000 
fast spectrograph. 
of roughly 1 1 in first order, and a linear dispersion of 20 X/m. 
ful range is 2800-7000 1. 
It has an effective speed of f/6,3, a resolution 
Use- 
Aside from time-integrated su~vlcy rpectra, three types of 
time resolution w i l l  be used to get quantitative intensity measurements, 
(i) A rotating drum camera will be focused on (or placed 
into) the spectrograph's w e  plane. A: drum camera 
using 70 mm spectroscopic film is nearing completion, 
A faat shutter will be operated in front of the 
spectrograph slit. 
(ii) 
(iii) Multi-chaonel*photoelectric recording is available 
by means of a device designed by Mr. R. Lincke of 
the Maryland Physics Department. 
2. 
Absolute line Intensity measurements will be correlated with 
source data to deduce atomic oscillator strengths. 
temperature can be m a d e  from relative line intensities. 
spectroscopy not only meparates the emission from primary and reflected 
Estimates of source 
Time-resolved 
shock regions but also provides data on relaxation to thermal equilibrium 
within any one of these regions, 
of H , contain information about electron densities in the gas, In 
congunction with a calibrated, high temperature continuum flash lamp, 
the spectrograph is used to measure source temperature by the sensitive 
line-reversal method. 
Stark broadening profiles, especially 
0 
F, Calibrated High Intensity Flash Lamp 
1. Pescription 
A calibrated, high intensity, continuum discharge lamp is being 
developed by Dr, G o  Charatis and others at the Institute for Fluid Dynamics 
and Applied Mathematics, University of Maryland, 
capacitor bank, operated at 5-10 KV, is discharged across a cylindrical 
channel at a few millimeters air pressure, The useful duration of lumino- 
A 50,s micro-farad 
sity is 20-60 mlcroseconds. Equivalent black body temperatures of 40,000 
to 70,000° K are produced over portions of the discharge cycle, 
is calibrated against carbon-arc craters and pyrometer tungsten strfp 
The lamp 
lamps 0 
2, Use -
The flash lamp emits a continuum whose brightness fs known as 
When reversal occurs, the temperature of the shock a f’unction of time, 
tube gas is equal to that of a black body having the observed brightness 
at tha t  wavelength, 
precis ion,  so t h a t  shock tube temperatures are measured t o  e s sen t i a l ly  
t h e  precis ion of t h e  f l a s h  lamp ca l ibra t ion .  
The r eve r sa l  point can be observed with high 
VI, SHOCK TUBE FE3ULTS 
A. Performance of t he  Vacuum System 
Leak rates were measured with Birani gauges and checked against  
an ion iza t ion  gauge, Separation of l eak  sources i n t o  r e a l  leaks and 
virtual l eaks ,  (out-gassing), was made by observing tube pressure as a 
funct ion of time over periods o f  tens of hours, Mean leak  r a t e  f o r  t he  
shock tube is 0.02 microns/min., even though a few s m a l l  leaks can s t i l l  be 
seen wi thahe l ium mass spectrograph detector ,  
expansion sec t ion  and manifold base pressure is maintained a t  2 x 10 
as measured i n  the vacuum gauge submanifold. 
A t  t h i s  leak rate, t h e  
-6 
mm/Hg, 
After 24 hours exposure t o  air ,  9 hours are required t o  reach 
base pressure,  
2 hours are needed t o  reach base pressure, 
i n  rout ine  cyc l ic  operation of t he  system are as follows: 
required t o  reach base pressure a f t e r  5 minutes exposure t o  atmosphere 
after a shot ;  15 minutes r e q u i r e d t o  reach base pressure after 5 minutes 
After 24 hours exposure t o  one atmosphere of dry nitrogen, 
The pump-down times encountered 
45 minutes 
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exposure t o  one atmosphere of super-dry nitrogen, 
rou t ine  back-fil l ing with dry nitrogen w i l l  allow us t o  make about t en  
shots  a day. 
These data show t h a t  
Bo Diaphragm Testink 
Copper, annealed m i l d  s teel ,  and several aluminum a l loys  were 
t e s t e d  as diaphragm materials, Dead s o f t  aluminum (Alcoa #AL-1100) con- 
s i s t e n t l y  gave best reproducib i l i ty  of burs t ing  pressure and superior  
pe ta l ing  configurations, Diaphragms are cu t  from masked aluminum sheet 
and turned t o  a 6-1/2fv diameter, 20 t o  40 a t  a t i m e ,  on a lathe,  
a re  cu t  with a V-shaped mi l l ing  wheel so t h a t  they Join t h e  diagonsrly 
opposit,e ins ide  corners of the tube c ross  sec t ion ,  
are he ld  t o  0,001" tolerance,  and the  o r i en ta t ion  i e  symmetric a'bout the  
roll-marks of t h e  diaphragm mater ia l ,  t h e  r o m o s o  s c a t t e r  i n  bureting 
pressure a t  600 p s i  i s  *5 p s i ,  
Grooves 
I f  groove depths 
Bursting pressure is stongly dependent both on diaphragm 
thickness b d  the  r a t i o  of groove-depth t o  diaphragm thickness ,  
pe t a l ing  behavior a l s o  depends on these  two parameters, 
co l lec ted  i n  Figure 80 
Diaphragnr 
The da ta  a r e  
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C, Hydrodynamic and Spectroscopic Performance of Shock Tube 
1, Purpose of Preliminary Hydrostatic Tes t ink  
Preliminary hydrodynamic tests demonstrated t h e  tubeus ! su i t ab i l i t y  
as a spectroscopic sourceo The c r i t e r i a  used were: 
( a )  Is a clean ( s p a t i a l l y  w e l l  defined) incident shock 
wave formed? 
( b )  Is t he re  an observable lifetime, i n  steady state, of 
t h e  high temperature gas behind t h e  r e f l ec t ed  shock7 
( c )  Does t h e  gas behind t h e  r e f l ec t ed  shock exhib i t  large- 
s ca l e  mixing or i s  It macroecopically homogeneous? 
( d )  How w e l l  does observed shock behavior agree with the  
one-dimensional theory predictions? 
2, Data Frau Rotating D r u m  Camera Photographs 
Hydrogen driven shocks i n  argon were studied with t h e  ro t a t ing  
drum camerao Incident shock Mach numbers ranged from 6.5-9,9, Initial 
pressures  of 1-60 mm, Hg and 120-1800 p s i  were covered f o r  argon and 
hydrogen, respect ively,  
Wave speed photographs showed incident  and r e f l ec t ed  shock 
f r o n t s  t o  be well-defined spa t i a l ly ,  
O05 mm, 
The reso lu t ion  of our op t i c s  is 
A t y p i c a l  wave speed photograph, showing incident  and r e f l ec t ed  
shock, i s  given i n  Figure 9, 
The gas behind t h e  r e f l ec t ed  shock, observed a t , t h e  point  
5 mm, upstresm from t h e  t u b e q s  r e f l ec t ing  plane, emi t ted  a steady l e v e l  
of v i s i b l e  l i g h t  f o r  periods of 60-280 microseconds0 
These times are considered adequate for establiohment of 
l o c a l  thermal equilibrium, 
i n i t i a l  argon pressure P4 and incident  shock Mach number Mlo 
summarized i n  Figure 11 gives Mlg but not PID dependence of too 
Duration of the  luminosity to depends upon 
The data  
Macroscopic mixing behind the re f lec ted  shock w a s  observed 
in some cases when i n i t i a l  argon pressure exceeded 40 mm, Hg, 
mixing was found for i n i t i a l  pressures of argon below 40 mm, He, 
No 
Recorded primary shock Mach numbers, u/coo are given as 
functions of the i n i t i a l  pressure r a t i o ,  Pq/P1, i n  F igUe 10, 
same axes a r e  a l so  p lo t t ed  the  primary Mach numbers predicted by the  
one dimensional, ideal flow 
On the  
theory for real argon gas0 
Reflected shock speeds were measured with accuracfee of 
Without addi t iona l  da ta  on the primary flow f ie ld ,  ( i o e o ,  t o  3-6%, 
permit a determination of reflected shock Mach number), we simply choose 
t h e  observed absolute reflected shock speed, V , t o  check agahst theore t i ca l  
predict ions,  Both the observed and predicted values of V are plo t ted  
as flmctions of primary shock Mach number i n  Figure 11, Increasing 
depsrture from ideal behavior i s  obtainedwfth higher Maah numbers, due t o  
both the  increase in w a l l  e f f e c t s  a t  low P1 and the  increase i n  fonfzatkaw 
behind t h e  r e f l ec t ed  shock, 
Small concentrations of methene were added t o  the  argisn t o  
Methane psrbfa l  incyease the  luminosity from various shock regionso 
pressures were kept a t  20-40 microns H g  t o  avoid complicating the  
ana lys i s  of t he  tube hydrodynamics, 
luminosity l eve l s  were of ten  low, pa r t i cu la r ly  f o r  shocks below M=9,50 
and moat drum camera photographs lack su f f i c i en t  dentaity and/dr contrast  
f o r  accurate reading of both incident and r e f l ec t ed  shocks, 
In  ep i t e  of t h e  admixed methane, 
3, Pressure Transducer Performance- 
a, Calibration 
Transducers are ca l ibra ted  ( in  a s m a l l ,  pressurizable  chamber 
sea led  by a cellophane diaphragm, Breaking the diaphragm presents t h e  
transducer with an abrupt pressure change, simulating passage of a wave 
i n  t h e  shock tube, Charge amplifier outputs are p lo t ted  against  known 
pressure changeo 
is observed over t h e  range of pressure changes of i n t e r e a t ,  
Linear dependence, with a slope of 0008 * OoOO1 vo l t /p s f ,  
4, Pressure Data from The Shock Tube 
Transducers mounted i n  the  shock tube have not delivered usable 
pressure data, 
c h a r a c t e r i s t i c  r inging, 
The s igna l s  of i n t e re s t  a re  swamped by the e rys t sPos  
This ringing, a t  1J+O-160 kc, ^v per s i s t6  without 
appreciable damping for periods exceeding those available for pressure 
measurements in the flow regions of interest. Common experience with 
transducers indicates that we must avoid exciting the crystal ringing 
frequency by providing better mechanical isolation from the tube wallso 
5, Spectroscopic Data 
The spectroscopic data consists so far only of time-integrated 
exposures. The limited capabilities of the current spectrograph, rather 
than a lack of high inteneity radiation,have prohibited quuntitive time- 
resolved apectroecopy, 
Shocks with incident Mach numbers in the range of 6,5-10, propa- 
gated in 5-25 mm. Hg of commercial argon plus 20 - 40 x 
methane, produced strong spectral lines on the time-integrated films, 
In the region 4300-6800 A , the following elements were observed: 
argon, hydrogen, krypton, sodium and xenon. 
mm, Hg of 
0 
aluminum, 
The emission of hydrogen, krypton and xenon lines is note- 
worthy because partial pressures of these gases are of order lom3 of the 
argon carrier gam pressureo 
V I 1  0 RESEARCH FOR THE CURRENT YEAR 
Work now under way is directed towards: 
(1) "he perfection of adequate shock tube instrumentation, 
(2) Decreasing the vacuum pump-down time and static leak 
rate of the systemo 
(3) Making provisions for the accurate and convenient 
metering and storage of test and carrier gases, 
(4) Accurately recording the shobk tubeo IJ hydrodynamic 
behavior and studying the time-behavior of the gas 
behind the aeflected shockso 
A, Development Work in Progress 
1, Electronics for securing 1% accuracy, shock speed measur- 
ments, indcaendent of shock lumiqosfty, are nearing completion, 
2, Several alternate schemes for mechanically isolating the 
pressure transducers are being tried. "he enduring problem is to obtain 
good mechanical isolation from the tube walls without sacrificing vacuum 
and pressure integrity, 
3. A l l  known leak sources are being eliminated, Most of these 
are associated with commercially obtained vacuum valveso 
formidable job is the construction of a 3-1/2" piston-valve to replace 
the large Arrowflow valve connecting the vacuum system with the shock tube, 
The most 
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4, F a c i l i t i e s  f o r  t h e  metering, mixing and storage of c a r r i e r  
and tes t  gases are being improved by t h e  uae of f i ne  metering valves,  
pos i t ive  shut-off valves,  stainlesr steel  plumbing and chromfum-plated 
s torage tanka, 
5 0  Under construction a re  a carr iage mounting and a vibratfon- 
i so l a t ed  ro ta t ing  drum camera f o r  ure  with the  f/6.3 Jarrell-Ash #75,000 
spectrograph, 
B, Experiments in Progress 
1, Incident and r e f l ec t ed  shock Mach numbers are being measured 
t o  1-2% by an improved ro t a t ing  drum camerao 
neon and argon are  being s tudied over a wide range of i n i t i a l  presiure8, 
Hydrogen driven shocks i n  
2. Incident and r e f l ec t ed  shock flow ve loc i t i e s  are a l so  being 
s tudied wi th  the  improved ro t a t ing  drum camera,, Finely ground ceefum 
n i t r a t e ,  adhering t o  a t h i n  thread,  is introduced a t  an appropriatel  po in t  
i n  t h e  shockss path. 
n i t r a t e  is vaporized i n  t h e  hot flow and quickly asrume~ the  l o c a l  flow 
veloci ty ,  Since cesium is highly luminous, i t s  progress i s  recorded by 
the  r o t a t i n g  drum camerao 
Upon passage of t h e  ehock f r o n t ,  some of the  cesium 
3. By su i t ab ly  cambining diaphragm thickneee and groove depths, 
a l a rge  number of diaphragms can be prepared a l l  having t h e  same breaking 
pressure but varying i n  breaking kinematics, We are looking f o r  the r a t i o  
. 
of groove depth-to-diaphragm thickness that gives the maximum time of 
observation in the reflected shock region for a given bursting pressure,, 
4, A selection is being made of the most favorable photo- 
tubes (and associated circuitry) for obtaining high time resolution 
and easy data reduction. 
C, Spectroscopic Studies for the Current Year 
Within the current yearc we plan to advance well into the work 
described below,, 
The first two spectroscopic studies are designed to assess our 
equipment and techniques. 
measured for the Balmer series of Hydrogen, both by emmfsion and by 
absorption using the continuum lamp. These gf measurements wfll be 
compared with the tabulated values, known to better than 1% from pertup- 
bation theory,, 
gas temperatures and electron densities. 
First, absolute oscillator strengths will be 
Balmer profiles wfll also be examined to give emmiting 
After these preliminaries we will take up the study of absolute 
oscillatrnstrengths of astrophysical interest. 
roughly as the following: 
We envision the program 
(1) Ne I and A I Will be remeasured to clarify the results 
of past work, The best gf-value to work to date still 
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haver factor-of-two uncertainitfee for most visible 
liner. 
Ptaminent lines of C I and 0 I will be re-done for 
errentially the same rear on^, 
Lines of S I will be studied in detail, 
hard to excite in many rourcero but was readily brought 
out in survey work at Michigan, 
compared with Mro Bridges0 work at NBS which uses a 
stabilized arc, 
factor-of-six uncertainty in solar abundance by these 
means . 
Sulphur is 
The results will be 
HopefUly we can reduce the present 
Do Long-Ranee Plans for Spectrorcopic Measurements 
With the completion of the above investigations we intend to 
pureue the following program 
(1) The halogens will be done wing appropriate organic 
additives. 
observed under our conditions. 
(2) 
From the Michigan work we know that C1 I and C1 I1 can be 
We will prepare safe procedures for measurements on 
silicon and phorphoru i n  1-2 yearr' the. 
iculties of hydrolyair and toxicity, but we are confident of the result 
from our work with chromium carbonyl and R, 6. BerryOs work with diborane, 
Thi8 Involve6 overcomfng dfff- 
( 3 )  Other problems will be studied from time t o  time: 
(a )  l i n e  broadening parameters w i l l  be catalogued when- 
ever line widths a re  observed t o  be l a rge r  than instrumental p ro f i l e s ,  
(b)  l i n e  strengths will be measured both i n  emission 
and absorption whenever o p t i c a l  depths a re  su f f i c i en t  f o r  s a t i s f ac to ry  
precis ion,  
( c )  importance of non-coherent terms in the  rad ia t ive  
t r a n s f e r  equations w i l l  be assessed by means of high in t ens i ty  illumin- 
a t ion  over band widths narrow compared t o  broadest l i n e s ,  
( d )  in ce r t a in  rangee of flow variables ,  we will 
observe t r ans i en t  o r  steady-state departures f o r  LTE and t r y  t o  ration- 
a l i z e  them w i t h  cross sect ion data, 
. 
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1. 2OOOpsi DRIVER GAS CYLINDERS 18. VEECO 4" BAFFLE 
2. TANK PRESSURE GAUGE 19. 4" PMC-721 DIFFUSION PUMP 
3. HEISE 0-2OOOpri DRIVER PRESSURE GAUGE 20. II4 hp FREON COMPRESSOR 
4. SURGE-TANK GAUGE SHOCK PROTECTION 21. DUO-SEAL 20 CFM PUMP 
5. 6' STAINLESS STEEL CAPILLARY TUBE 22. KANE MOLECULAR SIEVE 
6. HzVENT TO OUTDOORS 23. PlRANl FORE-LINE GAUGE 
7. WINDOW FOR AXIAL  VIEWING 24. 0-20mm DIAPHRAGM GAUGE 
8. WINDOW FOR LATERAL VIEWING 25. CVC IONIZATION GAUGE 
9. TEST SECTION 26. AUTO-VAC PlRANl GAUGE 
IO. FIRST EXPANSION CHAMBER 
I I .  SECOND EXPANSION CHAMBER 28. GAUGE SUB -MANIFOLD 
12. BREECH SECTION 
14. DIAPHAGM 
16. MAIN MANIFOLD 
17. VEECO GATE VALVE 
27. Na -TRAPPED McLEOD GAUGE 
29. MIXING SUB - MANIFOLD 
31. CARRIER AND TEST GAS CYLINDERS 
32. Na-BACK FILLING STATION 
33. ROUGHING PUMP LINE 
34. HO LEAK-TESTING ACCESS PORT 
13. DRIVER SECTION 30. STORAGE CYLINDERS 
IS. "ARROW-F IO" Y-VALVE 
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RATIO OF GROOVE DEPTH TO DIAPHRAQY THICKNESS 
IN REGION BETWEEN DASHED LINES DIAPHRAGMS 
WILL OPEN TO 3 90% OF TUBE-EXPOSED AREAS. 
8.060" 
DIAPHRAGM T H I C KNL SS: 
Figutr 8 
Y 
0 
0 
w 
k J  
O I L  
z w  - a  
'113 NI X -t-J 
W 
. 
0 
c 
‘SMOONIM 31d03SOU33dS do 
NOlllSOd 1 W  U38HlnN H3WN N30HS lN3013NI 
. . 
' S033dS Y30HSlNMI3NI 01 03133133M d0 OllVM h 
